
2755Sensors and Materials, Vol. 36, No. 7 (2024) 2755–2764
MYU Tokyo

S & M 3699

*Corresponding author: e-mail: ryyang@mail.npust.edu.tw
https://doi.org/10.18494/SAM4848

ISSN 0914-4935 © MYU K.K.
https://myukk.org/

Investigation of Microstructure and Photoluminescence 
of Ce3+/Eu3+ Codoped KZnPO4 Phosphors

Guan-Ping Qi,1 Huang Sheng Lai,2 Shoou-Jinn Chang,3 and Ru-Yuan Yang4*

 1Institute of Microelectronics, National Cheng Kung University, 
No. 1 University Road, East Area, Tainan City 701, Tainan County

2Department of Materials, National Pingtung University of Science and Technology, 
No. 1 Shuefu Road, Nuipu Area, Pingtung City 912, Pingtung County

3Institute of Microelectronics, National Cheng Kung University, 
No. 1 University Road, East Area, Tainan City 701, Tainan County

4Department of Materials National Pingtung University of Science and Technology, 
No. 1 Shuefu Road, Nuipu Area, Pingtung City 912, Pingtung County

(Received March 16, 2024; accepted July 12, 2024)

Keywords:	 microstructural symmetry, KZnPO4, codoping method

	 The solid-state reaction method was used to prepare Ce3+/Eu3+ codoped KZnPO4 phosphors 
for white light-emitting diodes (W-LEDs). The phase formation of Ce3+/Eu3+ codoped KZnPO4 
was verified by X-ray powder diffraction (XRD) analysis. Under excitation at around 395 nm, 
red emission corresponding to the 5D0 → 7F2 transition was observed from Ce3+/Eu3+ codoped 
KZnPO4 phosphors. The codoped Ce3+ in KZnPO4:Eu3+,Ce3+ affects the microstructural 
symmetry because of different ionic sizes, leading to the different emission properties of 
KZnPO4:Eu3+. The codoping method may be efficient for adjusting the luminous characteristics 
of phosphors.

1.	 Introduction

	 The white light-emitting diode (WLED) is a well-known mercury-free lighting source. 
Compared with traditional light sources, WLED has the advantages of small size, energy 
savings, long life, low heat generation, and good response speed. Therefore, WLED has the 
potential to be developed into the mainstream of lighting equipment.(1–4) The phosphors used in 
LEDs are common to light conversion materials, which absorb light of various wavelength bands 
and emit light at specific wavelengths governed by the excited energy levels of the ions. 
Accordingly, they play an essential role in WLEDs excited by a single chip, multichip, blue chip, 
or an ultraviolet chip.(5) However, some features such as high luminescent efficiency, stability, 
and low cost are requested for phosphors applied in WLEDs.
	 The phosphate compounds with the general composition ABPO4 (A = alkali metals and B = 
alkaline earth metals) are ideal host materials. The excellent thermal stability of ABPO4 
compounds owing to charge stabilization is a result of the rigid tetrahedral three-dimensional 
matrix of phosphate. In the past, ABPO4 compounds doped with different types of rare-earth 
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ions (e.g., Eu3+, Ce3+, Tb3+, and Sm3+.) were frequently reported in the literature,(6–8) where Eu3+ 
and Ce3+ ions are two impressionable earth ions used to generate red and blue emissions under 
UV excitation. According to Laporte parity selection rules, the allowed 4f–5d transitions of the 
Ce3+ ion make it act as a highly efficient emission center. Ce3+ is a very good candidate for a 
sensitizer for the UV excitation of Eu3+ in such phosphate lattices. Thus, many Ce3+ and Eu3+ 
codoped phosphors have been reported and prepared, such as Tb3Al5O12:Ce3+,Eu3+;(9) 
Ca2MgSi2O7:Ce3+/Eu3+;(10) Li2BaZrO4:Ce3+/Eu3+;(11) and K3Gd5(PO4)6:Eu3+/Ce3+.(12) However, 
there is no report on the microstructure or luminescent characteristics of KZnPO4 codoped with 
Ce3+ and Eu3+. There is a probability of energy transfer between Ce3+ and Eu3+ in the KZnPO4 
host. In the present work, a series of KZn1−x−yPO4:xEu3+:yCe3+ phosphors were synthesized by 
the solid-state reaction technique. X-ray diffraction (XRD), scanning electron microscopy 
(SEM), and photoluminescence (PL) measurements were used to investigate the microstructure 
and luminescent characteristics of KZnPO4:Ce3+,Eu3+ phosphors. The codoping effect on the 
microstructure was also considered in this study.

2.	 Materials and Methods

	 From previous studies,(13–15) the optimal Eu concentration in Eu-doped KZnPO4 has been 
found to be 0.04 in the chemical formula KZn0.96PO4:0.04Eu3+. Therefore, in this work, a series 
of KZnPO4-based phosphors codoped with Ce3+ and Eu3+ were synthesized by conventional 
solid-state sintering according to KZn1−x−yPO4:xEu3+:yCe3+ with the Eu3+ concentration fixed at 
x = 0.04. The raw materials used, including potassium carbonate (K2CO3, Alfa Aesar), zinc 
oxide (ZnO, Alfa Aesar), and ammonium dihydrogen phosphate (NH4H2PO4, Alfa Aesar), were 
of analytical reagent grade, while the purities of Ce2O3 and Eu2O3 were higher than 99.99%. The 
powders of potassium carbonate, zinc oxide, ammonium dihydrogen phosphate, and activator 
(Eu, Ce) were mixed in an appropriate ratio, and the doping concentration of Ce3+ was taken to 
be equal to y = 0.003, 0.007, 0.01, or 0.03. The powder mixture was inserted into a plastic bottle 
to which absolute ethanol and zirconia balls of different diameters were added. Then, the plastic 
bottle was installed on a ball mill for ball milling at 400 rpm for 1 h. After ball milling, the 
solution was poured out from the plastic bottle and put into the oven for drying at 70 ℃, as 
shown in Fig 1. The powder was placed in an alumina crucible for sintering in a furnace at a 
constant heating rate of 10 ℃/min from 900 to 1300 ℃ for 3 h. X-ray diffraction (XRD) [XRD-
7000S diffractometer with Cu Kα radiation (λ = 0.15374 nm) operating at 40 kV and 20 mA] was 
used to characterize the microstructure of the phosphors. The data were collected with a step of 
0.02° (2 theta) and a count time of 1 s per step. The particle morphology was observed using a 
HITACHI SU-5000 scanning electron microscopy (SEM) system. The photoluminescence, 
excitation, and emission spectra were recorded with an FP-6600 fluorescence spectrophotometer. 

3.	 Results

	 Figure 2(a) shows the XRD diffraction patterns of KZn0.957PO4:0.04Eu3+:0.003Ce3+ 
phosphors synthesized at different temperatures. Judging from the Joint Committee on Powder 
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Diffraction Standards (JCPDS #34-0194), the cell parameter and volume changed little with the 
substitution of Eu and Ce. We suggest that the activator and coactivator (Eu3+ and Ce3+) have 
been incorporated into the lattice. Considering the effect of the ionic sizes of cations, we propose 
that Ce3+ (1.02 Å) and Eu3+ (0.95 Å) ions are expected to preferably occupy Zn2+ (0.74 Å) sites, 
not K+ (1.38 Å) sites. Therefore, there was no detectable shift in the XRD spectrum. Additionally, 

Fig. 1.	 (Color online) Main steps of the experiment.

Fig. 2.	 (Color online) (a) XRD diffraction patterns of KZn0.957PO4:0.04Eu3+:yCe3+, y = 0.003 phosphors fabricated 
at different sintering temperatures. (b) XRD diffraction patterns of KZn0.96−yPO4:0.04Eu3+:yCe3+ phosphors 
(y = 0.003, 0.007, 0.01, and 0.03) sintered at 900 ℃.

(a) (b)
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the KZn1−0.04−yPO4:0.04Eu3+:yCe3+ (y = 0.003) phosphors prepared at 900, 1000, 1100, 1200, 
and 1300 ℃ all have a hexagonal structure with cell parameters a = b = 18.16 Å, c = 8.506 Å, α 
= β = 90°, γ = 120°, Z = 24, and V = 2431.2 (Å)3.(15) As the sintering temperature increases from 
900 to 1300 ℃, the XRD analysis shows that no secondary phase was generated. Figure 2(b) 
shows the XRD diffraction patterns of KZn0.96−yPO4:0.04Eu3+:yCe3+ phosphors with different 
Ce3+ concentrations sintered at 900 ℃. As seen, no secondary phase was formed with increasing 
Ce3+ ion concentration. Because the ion radius of Ce3+ (1.02 Å) is larger than that of Zn2+ (0.74 
Å), with increasing Ce3+ ion concentration, the diffraction peak shifted slightly toward the lower 
angle direction. A higher crystallinity in the XRD spectra can be inferred from the full width at 
half-maximum (FWHM) and intensity of the diffraction peaks. As the sintering temperature 
increased to 1300 ℃, the FWHM and intensity of the diffraction peaks of the prepared 
KZn1−0.04−yPO4:0.04Eu3+:0.003Ce3+ became broad and low, respectively, indicating poor 
crystallinity. Furthermore, the FWHM and intensity of the diffraction peaks of 
KZn0.96−yPO4:0.04Eu3+:yCe3+ phosphors with different Ce3+ concentrations sintered at 900 ℃ 
were similar, indicating all samples having similar crystallinities.
	 The luminescence intensity of phosphor is usually affected by the particle size distribution.(16) 
Figures 3(a) to 3(e) show the SEM images of KZn0.957PO4:0.04Eu3+:0.003Ce3+ synthesized at 

(a) (b)

(c) (d)

Fig. 3.	 SEM images of KZn0.957PO4:0.04Eu3+:0.003Ce3+ sintered at (a) 900, (b) 1000, (c) 1100, (d) 1200, and (e) 
1300 ℃, and SEM images of KZn0.96−yPO4:0.04Eu3+:yCe3+ phosphors with different Ce3+ concentrations of (f) y = 
0.003 and (g) y = 0.03 sintered at 900 ℃.



Sensors and Materials, Vol. 36, No. 7 (2024)	 2759

different sintering temperatures. As the sintering temperature increases, the particle size 
increases from 4 to 13.7 μm or more and the particle shape changes from spherical to plate-like. 
The grains are highly coalescent, which indicates the strong interdiffusion of the grain 
components. Commonly, such grain morphology is related to high crystallinity and chemical 
uniformity. Earlier, a similar morphology type was observed in different oxide compounds 
subjected to high-temperature treatment.(17–19) As the sintering temperature becomes higher 
than 1300 ℃, the melting phenomenon seems to occur around the crystal grains, and the 
crystallinity becomes poor, as verified by XRD measurements. Figures 3(f) and 3(g) show SEM 
images of KZn0.96−yPO4:0.04Eu3+:yCe3+ phosphors with different Ce3+ concentrations sintered 
at 900 ℃. As the codoping concentration increases, the grain size tends to increase from 4 to 
above 15 μm because the higher Ce3+ concentration increases the lattice parameter of the 
KZnPO4 phosphor.

Fig. 3.	 (Continued) SEM images of KZn0.957PO4:0.04Eu3+:0.003Ce3+ sintered at (a) 900, (b) 1000, (c) 1100, (d) 
1200, and (e) 1300 ℃, and SEM images of KZn0.96−yPO4:0.04Eu3+:yCe3+ phosphors with different Ce3+ 
concentrations of (f) y = 0.003 and (g) y = 0.03 sintered at 900 ℃.

(e) (f)

(g)
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4.	 Discussion

	 The red light emitted upon the 5D0 → 7F1 magnetic dipole transition (591 nm) and 5D0 → 7F2 
electric dipole transition (616 nm)(20) originated from Eu3+ rare-earth ions. Therefore, the 
codoping of Eu3+ ions can act as a red emission compensation for white light. Figure 4(a) shows 
the PL excitation spectra of the KZn0.957PO4:0.04Eu3+:0.003Ce3+ phosphor sintered at different 
temperatures (λem = 596 nm). The most intense excitation band is between 300 and 450 nm, and 
six components are identified in the excitation spectra, which can be assigned to the 
intraconfigurational 4f–4f transitions of Eu3+ ions, including 7F0 → 5D4 at 362 nm, 7F0 → 5L7 at 
381 nm, 7F0 → 5L6 at 394 nm, and 7F0 → 5D3 at 415 nm.(21–23) For wavelengths below 350 nm, a 
broadband is perceived, which is likely to be due to host matrix absorption.(24) For KZnPO4:Eu3+, 
a wide band in the UV region centered at about 200–271 nm corresponds to the charge transfer 
state (CTS) band of europium–oxygen interactions.(15) However, in this study, for KZnPO4 
codoped with Eu3+/Ce3+, the prominent excitation peak at 394 nm is suitable for ultraviolet light 
chip excitation, so this wavelength is selected for the measurement of the emission spectrum at 

(a) (b)

(c) (d)

Fig. 4.	 (a) PL excitation spectra of KZn0.957PO4:0.04Eu3+:0.003Ce3+ phosphor sintered at 900, 1000, 1100, 1200, 
and 1300 ℃ (λem = 596 nm). (b) PL excitation spectra of KZn0.96−yPO4:0.04Eu3+:yCe3+ phosphors with different Ce3+ 
concentrations sintered at 900 ℃ (λem = 596 nm). (c) PL emission spectra of KZn0.957PO4:0.04Eu3+:0.003Ce3+ 
phosphors sintered at 900, 1000, 1100, 1200, and 1300 ℃ (λex = 395 nm). (d) PL emission spectra of 
KZn0.96−yPO4:0.04Eu3+:yCe3+ (y = 0.003, 0.007, 0.01, and 0.03) phosphors sintered at 900 ℃ (λex = 395 nm).
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room temperature. In Ref. 15, for KZnPO4:Eu3+, the peak related to the intraconfigurational 4f–
4f transitions of Eu3+ was reported to be clear and distinct. However, in this study, the peaks 
from the intraconfigurational 4f–4f transitions of Eu3+ seem to overlap each other to form a 
broadband owing to the codoping effect of Ce3+. This result was different from the report(25) in 
which it was suggested that there is no possibility for energy transfer from Ce3+ to Eu3+ or vice 
versa because Ce3+/Eu3+ is not a good sensitizer/activator pair. Additionally, along with 
increasing sintering temperature, the peak intensity at around 394 nm decreased owing to bad 
par t icle  mor phology.(26) Fig u re 4(b)  shows the PL excit at ion spect ra  of 
KZn0.96−yPO4:0.04Eu3+:yCe3+ phosphors with y = 0.003, 0.007, 0.01, and 0.03 sintered at 900 ℃. 
As to the prominent excitation peak at 394 nm, when the codoping concentration increases, the 
peak intensity reduction may result from the lattice distortion indicated by the XRD diffraction 
peak shifts. Figure 4(c) shows the PL emission spectra of KZn0.957PO4:0.04Eu3+:0.003Ce3+ 
synthesized at different temperatures. Additionally, Fig. 4(d) shows the PL emission spectra of 
KZn0.96−yPO4:0.04Eu3+:yCe3+ (y = 0.003, 0.007, 0.01, and 0.03) phosphors sintered at 900 ℃ (λex 
= 395 nm). The spectra comprise several sharp lines ranging from 575 to 710 nm, and they 
correspond to the transitions from the excited state 5D0 to 7FJ (J = 0, 1, 2, 3, and 4) of Eu3+. The 
emission peaks are located at 596 nm (5D0 → 7F1 magnetic transition), 615 nm (5D0 → 7F2 
electronic transition), 655 nm (5D0 → 7F3 magnetic transition), and 700 nm (5D0 → 7F4 electronic 
transition).(27–29) In our previous study,(15) we observed that KZn1−xPO4:xEu3+ phosphors emit 
orange-red light (596 nm) because of the dominant 5D0 → 7F1 transitions. However, in this study, 
the red-light components from 615 nm (5D0 → 7F2) and 700 nm (5D0 → 7F4) are dominant. As 
we know, the asymmetry ratio (A21), which is defined as A21= I2 (5D0 → 7F2)/I1 (5D0 → 7F1), is 
used to illustrate the environmental change around Eu3+ ions in the KZnPO4 system.(14,30) If the 
intensity of the emission peaks located at 596 nm (5D0 → 7F1 magnetic transition) is higher than 
that of the peak at 615 nm (5D0 → 7F2 electronic transition), a higher symmetry of the crystal 
field around Eu3+ is expected. KZnPO4 doped only with Eu3+ mainly emits 593 nm orange light 
(5D0→ 7F1), indicating that Eu3+ occupies the crystallographic sites with a symmetric inversion 
center. However, in this study, the red light of 618 nm (5D0 → 7F2) and 700 nm (5D0 → 7F4) is 
dominant because of the lattice distortion effect resulting in different crystal fields in the Eu/Ce 
codoped KZnPO4 system.(31,32) Our result is opposite to that in Ref. 11, in which Ce3+ was 
reported to enhance the symmetry around the Eu3+ ions in the Eu/Ce codoped Li2BaZrO4 
system. The same doping species in different host lattices causes very different effects.
	 Figure 5 shows the Commission Internationale de I’Edairage CIE chromaticity coordinates 
with different color tones for KZn0.957PO4:0.04Eu3+:0.003Ce3+ phosphors excited at 395 nm. The 
chromaticity (x, y) coordinates of the KZn0.957PO4:0.04Eu3+:0.003Ce3+ phosphors appear in the 
red region (0.74, 0.27). Table 1 lists the chromaticity (x, y) coordinates of the 
KZn1−x−yPO4:0.04Eu3+:yCe3+ phosphors with different doping levels and synthesis conditions. 
Only the synthesis conditions affect the chromaticity (x, y) coordinates of the 
KZn1−x−yPO4:0.04Eu3+:yCe3+ phosphors from the region (0.73, 0.27) to (0.69, 0.31) owing to 
melting.
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5.	 Conclusions

	 A series of KZn0.96−yPO4:0.04Eu3+:yCe3+ (y = 0.003, 0.007, 0.01, and 0.03) phosphors were 
successfully synthesized by the solid-state reaction and their luminescent properties were 
investigated. There was no change in crystal structure type upon codoping, and the KZnPO4 
single phase was confirmed. Under the excitation of 394 nm, the dominance of the electronic 
dipole transition related to red light emission at 618 nm (5D0 → 7F2) and 700 nm (5D0 → 7F4) in 
KZnPO4:Ce3+,Eu3+ phosphors confirmed the asymmetry around the Eu3+ ion. The primary 
reason for the different emission properties is that the codoping of these rare-earth ions of 
different ionic sizes resulted in microstructural reconstruction. Therefore, different host 
materials with various crystal fields and different heating mechanisms that may result in 
additional energy transfer methods of the phosphors could affect the fluorescent properties of 
the phosphors. Additionally, codoping may be a convenient process of adjusting the luminescence 
characteristics of the phosphors.

Fig. 5.	 (Color online) CIE-1931 chromaticity diagram of KZn0.957PO4:0.04Eu3+:0.003Ce3+ phosphors sintered at 
900 ℃ (λex = 395 nm).

Table 1
Chromaticity coordinates of KZn1−x−yPO4:0.04Eu3+:yCe3+ phosphors with different doping concentrations and 
synthesis conditions.

No.

KZn0.957

PO4:
0.04Eu3+:
0.003Ce3+

sintered at 
900 ℃

KZn0.957

PO4:
0.04Eu3+:
0.003Ce3+ 
sintered at
1000 ℃

KZn0.957

PO4:
0.04Eu3+:
0.003Ce3+ 
sintered at

1100 ℃

KZn0.957

PO4:
0.04Eu3+:
0.003Ce3+ 
sintered at
1200 ℃

KZn0.957

PO4:
0.04Eu3+:
0.003Ce3+ 
sintered at
1300 ℃

KZn0.96−y

PO4:
0.04Eu3+:

yCe3+ 
y = 0.007 
sintered at

900 ℃

KZn0.96−y

PO4:
0.04Eu3+:

yCe3+ 
y = 0.01 

sintered at 
900 ℃

KZn0.96−y

PO4:
0.04Eu3+:

yCe3+ 
y = 0.03 

sintered at 
900 ℃

CIE, x 0.73 0.73 0.73 0.73 0.69 0.73 0.73 0.73
CIE, y 0.27 0.27 0.27 0.27 0.31 0.27 0.27 0.27
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